Abstract-Three test-plot series have been performed to gather information on runoff of sulfonamides from manured arable and grassland after sprinkler irrigation. To prepare test slurries with defined aged residues, liquid bovine manure was fortified with sulfadiazine, sulfadimidine, and sulfamethoxazole and stored short-term. After test-slurry application, the arable land was treated by soil cultivation before irrigation, and the manured grassland was irrigated directly with 50 mm h Ϫ1 for 2 h. The runoff suspensions were sampled at 5-to 10-min intervals, separated into aqueous phase and suspended matter and residue analyzed. Higher runoff emissions were found from manured grassland plots. The discharge volumes ranged from 106 to 252 L and the total runoff emissions ranged from 13 to 28% of sulfonamides applied initially. Within the first 20 min of the irrigation period that represented a rainfall of 17 mm, emissions, on average, were 4%. The loads of sulfonamides predominantly occurred in the runoff water. The only emissions via suspended matter, on average, were 0.02%. On arable land, however, the runoff was reduced by soil cultivation. Discharge volumes and sulfonamide emissions were 36 to 128 L and 0.1 to 2.5%, respectively. Despite the high-intensity sprinkler irrigation, major emissions did not occur until a 60-min delay.
INTRODUCTION
Veterinary pharmaceutical products applied in livestock husbandry may be excreted as parent compounds and metabolites by production animals via urine and feces. Hence, residues are released into soil environments by polluted dung pats on pasture or by applications of contaminated manures onto arable and grassland. Thus, it may be valuable to investigate the stability of veterinary pharmaceutical residues in manures during the storage period and the degradability in soils applying laboratory test systems [1] . Furthermore, mobility of the residues via leaching and surface runoff as possible routes of groundwater and surface water contamination, respectively, needs to be assessed by conducting field trials.
Besides interflow, surface runoff has been identified as an environmentally relevant nonpoint source for pesticides affecting aquatic organisms in headwater streams of agricultural areas [2] [3] [4] . Runoff risk usually is given by slopes of Ն2% and by precipitation events of Ն10 mm d Ϫ1 particularly enhanced by the physico-chemical properties of loamy soils. Emission factors considered for runoff and erosion were calculated by Pussemier and Beernaerts [5] . According to their results, 0.4 to 2% of more polar pesticides (e.g., herbicides) applied by spray application were considered to leave the treated fields. Liess et al. [6] found that 0.01 and 0.07% of the less polar, strongly soil-adsorbed insecticides fenvalerate and parathion, respectively, were released into a headwater stream by runoff from arable land.
Runoff of veterinary pharmaceutical residues also is considered relevant in the guidance of the European Agency for the Evaluation of Medicinal Products [7] and in the exposure assessment of the German Federal Environmental Agency's registration procedure [8] . Due to the limitations of available results from field studies, this research project has been conducted to provide initial data on runoff of veterinary pharmaceutical products after high-intensity sprinkler irrigation. In order to assess the potential risk for surface-water contamination by runoff, variable site-specific and seasonal parameters have been investigated. In order to mimic the real entry route as closely as possible, liquid bovine manure was fortified with the sulfonamides sulfadiazine, sulfadimidine, and sulfamethoxazole, which have been identified as pollutants in liquid manures [9] [10] [11] [12] [13] [14] [15] , and stored to prepare test slurries with defined aged residues. Then, test slurries were applied onto test plots on arable and grassland that subsequently were sprinkler irrigated to simulate heavy precipitation events.
MATERIALS AND METHODS

Investigation site and test-plot setup
At Adenstedt, the investigation site located in the Luvisol catchment area in the south of Hildesheim in a distance of 70 km to Braunschweig in Lower Saxony, Germany, three testplot series were conducted in October 2002 (series 1), April 2003 (series 2), and September 2003 (series 3). Thus, they cover different weather conditions and soil-water balances in autumn and spring. A potential runoff risk after heavy precipitation events was given by slopes of 2 to 10% and enhanced by silty-clay soils. The soil properties, which widely matched those of the European reference soil EUROSOIL 4 [16] , were characterized for arable land by 5% sand, 56% silt, 39% clay, 1.6% organic carbon, and pH (CaCl 2 ) 6.9 and for grassland by 2% sand, 59% silt, 39% clay, 3.0% organic carbon, and that is accepted by the German Ordinance Concerning Fertilizers [17] . According to sulfonamides that have been found in contaminated manures, application amounts were elevated in series 1 to ensure a first characterization of runoff tendencies. For test-slurry preparation with defined aged residues of sulfonamides, fortified manures were stored for 7 and 9 d, respectively. These different storage intervals corresponded to different start times of the discrete plot experiments caused by the technical reinstallation of the sprinkler apparatus from plot to plot, the weather conditions and the requirements of soil cultivation. During the storage of the manure, sulfonamides are subjected to degradation processes. Therefore, residue levels determined in slurries actually applied onto soils are listed in Table 1 . On arable land at a slope of 7.7%, the test slurry was applied onto soil in winter wheat postharvest stage and incorporated into the Ap horizon by soil cultivation to 15-cm depth before sprinkler irrigation. In contrast, the grassland plot sloped at 9.0% was manured and subsequently irrigated.
In series 2, the initial concentration of each sulfonamide was reduced to 1 g 20 kg Ϫ1 manure largely to approach the real contamination levels of liquid manures that can exceed 10 mg kg Ϫ1 as it was found for sulfadiazine [10, 12] . The storage was 7 and 9 d that depended on the start of the discrete runoff experiment. On the basis of the initial concentration of sulfonamides in the liquid manure, a soil surface contamination for each sulfonamide was calculated to be 125 mg m Ϫ2 , matching the initial sulfonamide levels of 150 and 120 mg m Ϫ2 realized in field studies of Burkhardt et al. [13] and Boxall et al. [14] . Test slurry was applied onto arable soil sloped at 8.2%
and remained in cultivator drill since October 2002, while it had been applied onto the wheat stubble in series 1. Then, cultivation was performed again before sprinkler irrigation. The grassland plot sloped at 9.0% and was irrigated directly after test-slurry application.
In series 3, two parallel test plots were installed on arable land at a slope of 7.7%. Onto one test plot, test slurry containing 1 g of each sulfonamide in 20 kg was applied. In order to control effects caused by the application of sulfonamides in a mixture, the second one was manured with 1 g sulfadiazine 20 kg
Ϫ1 test slurry. Both experiments were conducted without any storage of the test slurry, thus no degradation has to be considered. Cultivator drill application was conducted again and test slurry applied was incorporated into the 0-to 15-cm soil layer by further cultivation before sprinkler irrigation. The single component design for sulfadiazine was realized additionally on the grassland plot sloped at 9.0%. Here, the test slurry contaminated at 1 g 20 kg Ϫ1 was stored for 9 d. Directly after the application, the test plot was sprinkler irrigated.
Sprinkler irrigation and runoff sampling
For the simulation of heavy precipitation events, a swing nozzle sprinkler was used. The swing nozzle was a Veejet 80/ 100 (Spraying System Company, Wheaton, IL, USA), generating a kinetic energy of 1.2 kJ m Ϫ2 for 60-mm precipitation [18] . Each test plot was delimited by folding plates to transfer quantitatively the surface runoff suspension via a discharge channel into the runoff sampler at the plot exit. After the calibration procedure of the sprinkler apparatus to account for the differences in slopes of arable and grassland, the irrigation intensity was adjusted to 50 mm h Ϫ1 for 2 h, simulating a worst-case scenario typical for test-plot experiments assuming no afflux from the surrounding agricultural area. Following the same principle, Kördel and Klö ppel [19] adjusted the experimental parameters of their test-plot studies for pesticide runoff as follows: The irrigation intensity was 65 to 75 mm h Ϫ1 for 1 h with a 0.5-h postrun period and the test-plot areas were 4.6 ϫ 1.5 m 2 sloped at 10 to 16%. After the prerun period, when the discharge changed from drop-to-drop to continuous flow, the runoff samples were taken at 5 to 10 min intervals. The runoff suspensions were sampled quantitatively and the volumes of all samples were determined. After taking 250-to 1,000-ml aliquots for water analysis, the
residual volumes were pooled in a tank to determine the suspended matter content after 48-h sedimentation. After decanting the supernatants, aliquots were taken for residue analytical purposes and stored at Ϫ20ЊC until analysis.
Residue analytical methods
Test-slurry analysis. Prior to each test-slurry application, aliquots were sampled to determine the actual concentrations of sulfonamides. The slurry samples (50 g) were adjusted to pH 7.3 by adding sodium hydroxide solution (0.5%) [20] . Then, 50 ml 0.1 M acetate buffer, 10 g sodium chloride, and 100 ml ethyl acetate were added and the samples were shaken on a horizontal shaker (220 rpm; type 3020, Gesellschaft für Labortechnik, Burgwedel, Germany) overnight [1] . After decanting of the solvent, the samples were extracted again with ethyl acetate. Subsequently, the extracts were pooled and rotary evaporated. For the clean up via solid-phase extraction, the extracts were transferred to amino propyl cartridges (500 mg, 3 ml; Mallinckrodt-Baker, Griesheim, Germany) that were eluted using 15 ml demineralized water. Eluates were adjusted to pH 5.2 by adding acetic acid and additionally cleaned up using polystyrene/divinyl benzene cartridges (200 mg, 6 ml; Mallinckrodt-Baker) that were eluted using a 5-ml acetonitrile/ methanol mixture (1:1). These eluates were evaporated in a gentle nitrogen stream nearly to dryness. Then, chloridazone (5-amino-4-chloro-2-phenyl-pyridazine-3-one; 10 ng l Ϫ1 ; Riedel-de Haën, Seelze, Germany) was added as the internal standard. The sample solutions were filled up to 1 ml with acetonitrile:water mixture (1:9) and analyzed by reversedphase high-performance liquid chromatography with a variable wavelength detector and liquid chromatography coupled to electrospray ionization mass spectrometry [1] . The quality assurance was performed by fortification experiments. On the basis of average recoveries ranging from 67 to 97% with a relative standard deviation of Յ17%, the limits of determination were 100 g kg Ϫ1 slurry matching the European Agency for the Evaluation of Medicinal Products trigger [7] .
Water analysis. The runoff suspensions were centrifuged at 4,000 rpm for 10 min (Megafuge 1.0; Hereaus, Osterode, Germany). Due to the amphoteric character of the sulfonamides, the supernatants decanted were adjusted to pH 5.2 by adding diluted sulfuric acid. Then, the target compounds were enriched by solid-phase extraction using polystyrene/divinyl benzene cartridges and subsequently eluted using a 5-ml acetonitrile:methanol mixture (1:1; all solvents used: HPLC or residue analytical grade, Merck) [21] . The eluates were evaporated in a gentle nitrogen stream. Chloridazone (10 ng l Ϫ1 ) was added again as the internal standard. The sample solutions were filled up to 1 ml with acetonitrile:water (1:9) and reversed-phase high-performance liquid chromatography with a variable wavelength detector and exemplarily analyzed by liquid chromatography coupled to electrospray ionization mass spectrometry. The quality assurance was performed by fortification experiments. On the basis of recoveries ranging from 80 to 111% with a relative standard deviation of Յ15%, limits of determination were 0.2 g L Ϫ1 surface water. Suspended-matter analysis. Suspended-matter analysis was conducted according to the principles of the soil analysis [1] . After defrosting, the aliquots of 50-g dry weight equivalents were weighed out and extracted with 50 ml 0.1 M acetate buffer (pH 5.2) and ethyl acetate (100 ml) on a horizontal shaker overnight. After decanting the solvent, the samples were rinsed twice with 50 ml ethyl acetate by shaking again for 30 min each. The aliquots of 150 ml were rotary evaporated and redissolved into 5 ml methanol.
For the clean-up step, gel permeation chromatography with Sephadex LH-20 (Gilson, Dü sseldorf, Germany) was applied. The eluent was methanol containing acetic acid (0.01 M). Flow rate was 5 ml min Ϫ1 . The analyte fraction was sampled at 145 to 390 ml, rotary evaporated nearly to dryness, and redissolved in an acetonitrile:water mixture (1:9). Prior to filling the sample to its final volume of 1 ml, chloridazone was added as the internal standard at 10 ng l Ϫ1 . The sample solutions were analyzed with reversed-phase high-performance liquid chromatography with a variable wavelength detector and the results exemplarily confirmed by liquid chromatography coupled to electrospray ionization mass spectrometry. Corresponding to soil analysis, fortification experiments continuously performed revealed limits of determination of 20 g kg Ϫ1 dry matter at recoveries of 65 to 90% with relative standard deviations of Յ13%.
RESULTS AND DISCUSSION
The test-plot series were conducted to study runoff of sulfonamides after heavy precipitation events taking varying sitespecific and seasonal parameters into special account. Differences of runoff tendencies from arable and grassland were compared qualitatively. For arable land, the impact of different soil surface structures caused by postharvest stage and cultivator drill remaining throughout the winter period was investigated, too.
Total discharge
Heavy precipitation events at test-plot scale were simulated by sprinkler irrigation intensity of 50 mm h Ϫ1 for 2 h. The comparison of the discharge volumes listed in Table 1 already indicated higher runoff tendencies from the grassland plots. Because the slope was remained at 9.0% in these test-plot series and no soil-tillage measures were carried out on grassland, discharge volumes ranging from 106 to 252 L reflected the impact of seasonally varying soil-water balances affecting infiltration and surface runoff. Thus, the initial soil-moisture contents of topsoil layers in series 1 and 2 were 14.5 and 13.8%, respectively, and the soil moisture was only 6.4% after the dry summer in 2003. After sprinkler irrigation in series 1, 2, and 3, the soil-moisture contents were 22.5, 22.8, and 23.3%, respectively.
From arable land, the discharge ranged from 36 to 128 L, revealing the impact of different soil structures caused by soil cultivation varying from series to series as is typical for agricultural farming practice. Comparing the parallel test-plot experiments in series 3, the different discharge volumes could be interpreted only by small-scale variabilities of structure and texture often found in soils. Differences in slopes from 7.7 to 9.0%, however, seemed to be of low relevance.
Runoff of sulfonamides
Due to the water solubility of sulfonamides of 8 to 1,500 mg L Ϫ1 [11] , the target compounds predominantly occurred in the aqueous phase. Corresponding to highest discharge volumes, highest amounts of sulfonamides also were released from grassland by surface runoff. In the aqueous phase, the overall emission range was 13.3 to 27.6% given as percentages of sulfonamide residues actually applied with the test slurries onto soil (Table 1) . In contrast to the grassland experiments, the release from arable land only was 0.1 to 2.5%. According to the variabilities of runoff emissions, no tendencies depending on different slopes or impacts of soil cultivation have been identified. This has been the same for the three sulfonamide analogues applied in different amounts and as mixture or as single component. Despite similar discharge volumes, different runoff emissions occurred in the parallel test-plot experiments of series 2 conducted at same slope and topsoil conditions. They pointed out again that small-scale variabilities of soil structure and texture of the arable land may affect infiltration and runoff. Contrary to this, runoff emissions via suspended-matter phase were of low relevance. Average amounts of only 0.004 and 0.02% of the sulfonamides initially applied were released from arable and grassland, respectively. Higher amounts from grassland plots apparently were caused by the surface runoff of slurry itself indicated by slurry inherent odor of the first runoff samples.
The results from these test-plot series were compared to those of Burkhardt et al. [13] (http://www.envirpharma.org), which revealed lower runoff emissions from grassland plots. Loads of sulfadiazine, sulfathiazole, and sulfadimidine applied there only ranged from 0.07 to 0.12%. This possibly could be attributed to a shorter irrigation period (1.5 h) and a lower sprinkler irrigation intensity (30 mm h Ϫ1 ). Additionally, application of contaminated pig manure and sprinkler irrigation were interrupted by contact times of 1 to 3 d. During this period, the availability of sulfonamides might be reduced due to the formation of nonextractable residues, as has been shown in laboratory test systems [1] . Particularly, this concentrationdetermining process has been identified as immediately occurring when 14 C-labeled sulfadiazine-containing test slurry was applied onto soil [22] .
The runoff of sulfonamides was recorded time resolved at 5-to 10-min intervals. Thus, further differences between arable and grassland plots were found. The characteristic discharge and runoff curves from arable land were exemplified for the test plot 1 of series 2 (Fig. 1) . The discharge did not change from drop-to-drop to continuous flow until a 60-to 70-min period. Then, discharge volumes and runoff emissions continuously increased, reflecting the potential runoff emissions after high-intensity irrigation. At the end of the sprinkler irrigation, discharges and emissions of sulfonamides rapidly dropped down.
A completely different situation was found on the grassland plots. In contrast to the permeable soil surface after cultivation of the arable land, where irrigation water was infiltrated down to 10-to 15-cm soil depth, the grassland constituted a compacted surface that suppressed the infiltration and promoted the surface runoff. In series 2, the discharge rose steeply within the first 35 min of the irrigation period and remained nearly constant until the end (Fig. 2) . Major emissions of sulfonamides appeared in this period, too. Then, they dropped continuously to lowest levels in the postrun period. On average, 4% of the sulfonamides were released during the first 20 min of the sprinkler irrigation. This period represented a 17-mm rainfall, which is revealed as the 10-year mean for Essen, Germany, by the model EXPOSIT (http://www.bba.de/ap/ appsm/exposit/exposit.htm). Therefore, this realistic worstcase scenario may be considered relevant for a risk assessment for surface water contamination.
In series 3, discharge and runoff of sulfadiazine from the grassland plot were found to be different after the dry summer in 2003 (Fig. 3) . Both parameters increased directly after the start of sprinkler irrigation and, after 15 and 35 min, respectively, they decreased until the end of the irrigation period.
CONCLUSION
Runoff of pesticides from agricultural fields has been identified as an environmentally relevant entry route into headwater streams. However, these experiences cannot be transferred directly to the runoff behavior of veterinary medicines without special consideration of their entry route into soil via contaminated manure. Thus, differences are given for manured arable and grassland. On arable land, soil cultivation should follow short-dated to the manure application. As shown in the three test-plot studies presented here, runoff emissions of sulfonamides were reduced by this measure. Despite the high-intensity sprinkler irrigation, they did not occur until a 60-min delay. A runoff risk may appear from grassland when the manure application is followed directly by heavy rainfall. Then, the contaminated manure may be washed off superficially and sulfonamides may be released into headwater streams. These test-plot studies further showed that the comparison of results from the experiments conducted in parallel and from series to series revealed wide variabilities caused by variable field conditions. Therefore, further test-plot experiments, including further veterinary medicines, are necessary to identify interfering parameters and to establish runoff emission factors for veterinary pharmaceutical residues from manured soils.
